Plant roots have the potential capacity to grow almost indefinitely if meristematic and lateral branching is sustained. In a genetic screen we identified an Arabidopsis mutant showing limited root growth (lrg1) due to defects in cell division and elongation in the root meristem. Positional cloning determined that lrg1 affects an alpha-1,2-mannosyltransferase gene, LEW3, involved in protein N-glycosylation. The lrg1 mutation causes a synonymous substitution that alters the correct splicing of the fourth intron in LEW3, causing a mix of wild-type and truncated protein. LRG1 RNA missplicing in roots and short root phenotypes in lrg1 are light-intensity dependent. This mutation disrupts a GC-base pair in a three-base-pair stem with a four-nucleotide loop, which seems to be necessary for correct LEW3 RNA splicing. We found that the lrg1 short root phenotype correlates with high levels of reactive oxygen species and low pH in the apoplast. Proteomic analyses of N-glycosylated proteins identified GLU23/PYK10 and PRX34 as N-glycosylation targets of LRG1 activity. The lrg1 mutation reduces the positive interaction between Arabidopsis and Serendipita indica. A prx34 mutant showed a significant reduction in root growth, which is additive to lrg1. Taken together our work highlights the important role of N-glycosylation in root growth and development.
Introduction N-linked glycosylation is an essential protein modification that occurs concurrently with protein translation. This modification facilitates protein folding, trafficking, and translocation in eukaryotic cells. N-glycosylation takes place in the endoplasmic reticulum (ER) and shares a common pathway with the synthesis of core dolichol-linked oligosaccharides (O'Reilly et al., 2006; Weerapana and Imperiali, 2006; Aebi, 2013) . N-glycosylation involves a series of different N-glycan maturation steps in the ER and Golgi apparatus. Compared with yeast or mammals, knowledge of the functional significance of N-glycosylation in plant development is still limited. Arabidopsis LEW3, homologous to yeast AGL11, has alpha-1,2-mannosyltransferase activity and catalyzes the initial stage of the N-glycosylation process by transferring the mannose group to the dolichol-linked core oligosaccharide in the last two steps on the cytosolic face of the ER in N-glycan precursor synthesis (Weerapana and Imperiali, 2006; Zhang et al., 2009) . Knockout mutations in LEW3 lead to embryonic lethality. A weak allele mutant for LEW3, lew3-1, shows defects in cellulose synthesis, abnormal primary cell walls, and xylem collapse (Zhang et al., 2009 ). This lew3-1 mutation has also reduced plant fertility and altered osmotic stress and abscisic acid (ABA) responses. However, this mutant does not show root growth defects during root development (Zhang et al., 2009) . Similarly, other mutants affecting enzymes involved in N-glycosylation in plants did not show defects in root development (Koiwa et al., 2003; Kang et al., 2008) , with the exception of a double mutant combination, one affecting the initial step of N-glycosylation in ER, sst3a, and the other affecting the enzyme N-acetyl-glucosaminyltransferase I, cgl1 or cgl1C6, which is involved in protein N-glycosylation in the Golgi. These double mutants show significant alterations in root growth and root hair development (Frank et al., 2008) . Despite this example (Frank et al., 2008) , the role of protein N-glycosylation on root development remains poorly understood.
Plant root system architecture (RSA) is formed by the three dimensional distribution of the main root and lateral roots into the soil. The number and position of lateral roots are two major determinants of root architecture. In an effort to identify new genes involved in lateral root formation, transcriptomic studies have been carried out (Vanneste et al., 2005; Brady et al., 2007; Moreno-Risueno et al., 2007; Iyer-Pascuzzi et al., 2009) . A transcriptomic and functional study using the SKP2Bp::GFP root marker identified more than 600 genes associated with lateral root formation and highlights the importance of peroxidase activity and reactive oxygen species (ROS) for lateral root emergence (Manzano et al., 2014) . ROS also regulate root growth and lateral root formation (Tsukagoshi et al., 2010; Silva-Navas et al., 2016) . In a genetic screen of an ethyl methanesufonate (EMS)-mutagenized SKP2Bp::GUS population (Manzano et al., 2012) , we identified a mutant, limited root growth 1 (lrg1), which shows a significant reduction in root growth. This mutant shows defects in cell division and elongation of root cells and develops a higher density of root hairs and lateral roots than control plants. We found that root growth inhibition in lrg1 is dependent on the intensity of root illumination, increasing LRG1/LEW3 RNA missplicing. Mass spectrometry analyses revealed PRX34 and GLUC23/PYK10 as proteins with altered N-glycosylation levels in lrg1. The lrg1 mutant does not respond to the beneficial interaction with the fungus Serendipita indica mediated by GLUC23/PYK10, which promotes root growth. We also show that a mutation in PRX34 reduces root growth and accelerates root hair formation. The double mutant lrg1/prx34 shows shorter roots than single mutants. We found that lrg1 accumulates significantly higher levels of ROS in roots, which correlates with an inhibition of root growth. We have determined that lrg1 affects the LEW3 gene. A transcriptomic analysis shows that the lrg1 mutation affects the expression of a large number of genes that belong to diverse functional categories. Among them, a significant number of membrane proteins are deregulated, affecting plasma membrane potential and endocytosis. Taken together, our data highlight the important role of protein N-glycosylation in root growth and development. (Manzano et al., 2012) seedlings were mutagenized according to the protocol described in ftp://ftp.arabidopsis.org/Protocols/compleat_guide/ 6_EMS_mutagenesis.pdf. F2 populations were screened for root system anomalies and differential β-glucuronidase (GUS) staining patterns. The lew3-2 (SALK_000886) and prx34-2 (SAIL_143b_G09) mutants were genotyped by PCR. Surface-sterilized seeds were germinated and grown on half strength Murashige-Skoog medium (1/2MS medium) with 1% (w/v) Plant Agar (Duchefa, Netherlands), 1% (w/v) sucrose, and 10 mM 2-[N-morpholino]ethanesulfonic acid (MES) adjusted to pH 5.7. To prepare 1/2MS medium without nitrogen (1/2MS-N), we used half strength MS without K, N, and P from PhytoTechnology lab (Ref 407, KS USA) and then added 625 µM KH 2 PO 4 and 600 µM KCl. To prepare 1/2MS containing 100 µM of nitrogen, NH 4 NO 3 and KNO 3 were added to a final concentration of 40 µM and 60 µM, respectively. For membrane potential measurements, the medium was based on ¼ strength MS medium. Seedlings were grown on vertical plates in a growth chamber at 22ºC under 16 h of light, at 100 µmol photons m -2 s -1 using cool white Osraml 58W/480 fluorescence, and 8 h of dark. The irradiance was increased up to 300-350 µmol photons m -2 s -1 for a 3-fold increase. The light fluence rate was measured with a Photometer/Quantum/Radiometer/ LI-COR Bioscience LI-250A light meter. To grow plants in soil we transplanted 10 d-old seedlings to pots containing a 3:1 (v/v) mixture of fertilized peat (KEKILA 50/50) and vermiculite. Plants were grown in a walk-in chamber at 20ºC under 16 h of light, at 140 µmol photons m -2 s -1 using cool white Osraml 58W/480 fluorescence, and 8 h of dark and 65% relative humidity.
Material and methods

Material and mediums
SKP2Bp:GUS
Mapping the lrg1 mutation The lrg1 mutant was backcrossed with SKP2Bp::GUS parents four times to eliminate additional mutations. To map the lrg1 mutant, we generated a F2 population from a cross between lrg1 (Columbia) and Landsberg. Low resolution mapping of lrg1 by linkage analysis as described by (Ponce et al., 1999) located the mutation in chromosome 2 between the CER460723 and CER451608 markers.
DNA from lrg1was extracted using the QIAGEN DNeasy Plant Mini kit and subjected to Illumina sequencing (Beijing Genomics Institute -BGI, Shenzhen, China). A total of 22,456,789 pairedend reads of 40 bp were obtained and sequenced reads were mapped against the Col genome (Tair9 assembly; ftp://ftp.arabidopsis.org/home/tair/Sequences/ whole_chromosomes). Single nucleotide polymorphisms (SNPs) were named using MAQ 0.7.1 (http://maq.sourceforge.net/) (Li et al., 2008) , whereas small indels were predicted using in-GAP (Qi et al., 2010) . Pseudo-SNPs, due to repetitive sequences or amplification errors, were removed by Perl scripts.
To complement lrg1 mutants with the LEW3 locus, the genomic region of At2G40190, containing 3 Kb of promoter and the coding region was cloned into the pGWB501 vector (Nakagawa et al., 2007) . This construct was introduced by floral-dip Agrobacterium mediated transformation (Clough and Bent, 1998) into lrg1 mutants (lrg1/LEW3-g). We selected transgenic lines that were hygromycin resistant via T-DNA selection. The majority, 38 out of 40 transgenic lines, showed wild-type root growth, indicating that the LEW3 locus complemented the lrg1 mutation.
Root growth assays and microscopic analysis
Light grown roots (LGR) and dark grown roots (DGR) were cultivated in the D-Root system and primary root length was determined as described previously by Silva-Navas et al. (2015) . Root meristem size was calculated as described by Silva-Navas et al. (2016) . CYCB1-1-GUS quantification was performed as described by Jurado et al. (2008) . For auxin treatment, control and lrg1 seedlings were grown for 3 d in 1/2MS medium and then transferred to fresh medium containing 0.5 µM indole acetic acid (IAA) or mock (ethanol) for a further 4 d. In all cases, the quantifications were done using data from two independent biological replicates. At least 10 different roots were used for quantification in each replicate.
ROS determination and ascorbic acid and DPI treatment
One drop of an aqueous solution containing 0.25 mg/mL of 5(6)-carboxyfluorescein diacetate (CFDA) (Sigma) dissolved in water was added to the root meristem of 7 d-old seedlings. These plants were maintained in the growth chamber for 2 h with the root system in the presence of light, or darkness where indicated, and then photos were taken using a DFC380C camera (Leica). ROS levels were quantified by measured fluorescence intensity in different roots using ImageJ software; two independent biological replicates of 10 different roots in each replicate. Diphenyleneiodonium (DPI) (Sigma) was dissolved in DMSO as a 50 mM stock solution. A stock of 0.3 M of ascorbic acid (AsA) (Duchefa, Netherlands) was dissolved in water and freshly prepared every time it was used. The controls for all the DPI experiments contained 50 µl of DMSO in 50 ml of 1/2MS medium. Control or lrg1 seedlings were grown in 1/2MS for 3 d and then transferred to medium containing the indicated AsA or DPI concentration for a further 4 d. Afterwards, ROS was measured in the roots and percentage root growth with respect to non-treated seedlings was quantified (n=20; two independent biological replicates of 10 different roots in each replicate).
Western blot analyses
Proteins were separated by 10% SDS-PAGE. The proteins were then blotted onto a Hybond-N membrane (Amersham Pharmacia Biotech). BiP3 was detected using anti-BiP rabbit polyclonal IgG (1:1.000) (Santa Cruz) and anti-rabbit IgG, horseradish peroxidase linked whole antibody (1:20.000) (Santa Cruz). Bands were visualized using the ECL Chemiluminescent Substrate (Pierce) according to a standard protocol.
Detection of N-glycoproteins
To detect N-glycosylated proteins, total proteins were extracted from 7 d-old control and lrg1 roots in TAPS buffer comprising 50 mM Tris-HCl, 150 mM NaCl, 1% v/v NP-40 (4-Nonylphenylpolyethylene glycol) with a plant protease inhibitor cocktail (Sigma). Total proteins amounting to 8 µg were separated by SDS-PAGE and N-glycoproteins were detected with the Pro-Q-Emerald300 Glycoprotein Stain-Kit (Thermofisher) following manufacturer's protocol. To purify N-glycosylated proteins with concavalin A beads, we extracted total proteins from 7 d-old control or lrg1 roots in TAPS buffer. About 500 µg of total protein extract was incubated with 100 µl of concavalin A beads overnight at 4ºC. Afterwards, beads were washed five times for 10 min each with 1 ml of TAPS buffer and purified proteins were eluted with 100 µl of 0.5 M of alpha-methyl-mannopyranoside. These eluted proteins were then separated by SDS-PAGE and detected with the Pro-Q-Emerald 300 Glycoprotein Stain Kit.
Serendipita indica growth analyses
Wild-type and lrg1 Arabidopsis plants that were 7 d-old were incubated with S. indica as described by Sherameti et al. (2008) with slight modifications. Plants were co-cultivated for 14 d with fungal plugs 1 cm in diameter, which were set 2 cm from the roots. Afterwards, shoots and roots from 10 plants were excised, grouped, and weighed. The values correspond to the mean of 10 different samples.
FM® 4-64 treatment and confocal analyses
SKP2Bp::GUS (control) and lrg1/SKP2Bp::GUS seedlings were grown in the D-Root system for 7 d. Living and intact plants were dyed with a 4 µM solution of FM® 4-64 (Invitrogen) dye in liquid 1/2MS for 15, 30, or 60 min. For confocal microscopy analysis, roots were mounted in distilled water and a set of 40x digital images of the root apical meristem was taken from at least 10 plants of each genotype or cultivation condition.
Mass spectrometry analysis
Gel bands from SDS-PAGE gel were manually excised. Proteins selected for analysis were in-gel reduced, alkylated, and digested with trypsin according to Sechi and Chait (1998) . After digestion, the supernatant was collected and 1 μl was spotted onto a MALDI target plate and allowed to air-dry at room temperature. Then, 0.6 μl of 3 mg/ml α-cyano-4-hydroxy-cinnamic acid matrix (Sigma) in 50% acetonitrile was added to the dried peptide digest spots and allowed to air-dry at room temperature. The MALDI-TOF/TOF operated in positive reflector mode with an accelerating 20000 V voltage. For protein identification NCBInr DB were searched using Mascot 2.3 (www.matrixscience.com). Search parameters were: 1) carbamidomethyl cysteine as a fixed modification and oxidized methionine as avariable modification; 2) peptide mass tolerance at 50 ppm; 3) one missed trypsin cleavage site. For protein identification, the protein scores greater than the score fixed by Mascot were considered as significant, with P<0.05.
RNA isolation, qRT-PCR, and microarray hybridizations
RNA extraction, microarray hybridization, and analyses were performed as described in (Ramirez-Parra et al., 2017) . Total RNA was extracted using the Plant RNA Extraction Kit Omega Biotek and RT was carried out with the High Retrotranscriptase Kit Biotools (Madrid, Spain). The Applied Biosystems ABI 7300 System with the FastStart DNA Master SYBR Green I (Roche, Madrid, Spain) was used for real-time quantitative RT-PCR. We tested three genes for internal references for normalization of gene expression in roots, glyceraldehyde-3-phosphate dehydrogenase, actin, and UBC21. UBC21 was chosen for normalization due to its stable behavior in all experiments and also its equal expression in different microarrays and RNAseq analyses carried out in our growth chamber conditions and extraction protocol. All primers used for RT-PCR analyses were tested for unique band amplification. The concentration of UBC21 transcript levels was used for normalization. Analyses and statistical analyses were done using two biological replicates with three technical replicates.
Statistical analyses
The data were statically analyzed by one-way ANOVA using an online tool (http://statistica.mooo.com/OneWay_Anova_with_ TukeyHSD). Univariate analyses were performed with Tukey's post hoc test.
Results
Identification of mutants with altered root development
To identify new genes involved in root system development, we screened an EMS-mutagenized SKP2Bp::GUS marker population (Manzano et al., 2012) for defects in root development or SKP2B expression. We focused on one of the identified mutants that showed limited root growth (lrg1) (Fig. 1A ).
This lrg1 mutant showed a severe reduction in root growth (Fig. 1A, B) , a higher density of lateral roots (Fig. 1C) and a higher density of root hairs that emerged closer to the root tip ( Fig. 1A ; see Supplementary Fig. S1A , B at JXB online). This phenotype resembled auxin-treated seedlings; however, lrg1 was neither more tolerant nor more sensitive to auxin ( Supplementary Fig. S1C ). Presumably, the smaller lrg1 root system might limit nutrient uptake. Ion quantification analyses showed that lrg1 seedlings accumulated similar levels of almost all analyzed ions except for potassium, phosphate, chrome, and molybdate, which were reduced (Supplementary Table S1 ).
In young seedlings, lrg1 leaves were slightly smaller than in control plants ( Supplementary Fig. S1D ), although these differences were attenuated in mature plants growing in pots ( Supplementary Fig. S1E ).
lrg1 roots have defects in cell division and elongation
Root growth reduction can be the consequence of defects in cell division, cell elongation or in both. To analyze cell division, we quantified root meristem size and dividing cortical Arrows point to the end of the meristem region. E) Root meristem size measured as the number of cortical cells or length from quiescent center to the last cortical dividing cell, measured in µm, from 5 or 7 d-old controls and lrg1 mutants (n=15). F) Number of dividing cells showing the CYCB1-GUS marker stained for GUS activity in 5 or 7 d-old control and lrg1 root meristems (n=20). G) Cell length of the first consecutive 20 cells located in the elongation zone, from the end of the meristem in a shootwards direction (number of roots=12). In all cases significance was analyzed by one-way ANOVA and Tukey HSD post-test. P<0.01. For B and G: a, no significant differences between control and lrg1; b, significant differences.
cell numbers. As shown in Fig. 1D , lrg1 meristem was significantly shorter and contained a lower number of proliferating cortical cells than control meristems (Fig. 1E ). This lower cell division potential was corroborated by analyzing CYCB1-1::CYCB1-GUS, a cell cycle marker that labels cells in G2/M phase. Five days after germination, lrg1 and control root meristems showed similar numbers of CYCB1-GUS expressing cells (Fig. 1F) . However, at day 7, in which root length differences were substantial, lrg1 showed a significantly lower number (Fig. 1F) . To analyze whether lrg1 affects cell elongation, we measured the length of the first 20 shootward cortical cells after the transition zone. We found that from the seventh cortical cell and beyond, cell elongation was significantly reduced in the lrg1 mutant (Fig. 1G) . Thus, our data indicate that the short root phenotype in the lrg1 mutant is due to defects in cell division and elongation.
LRG1 cloning
We combined mapping and genome resequencing to identify the lrg1 mutation, which was located in chromosome 2. Six SNPs inside the mapped location of lrg1 were found. Three of them affected the coding region of genes At2g40070, At2g40095, and At2g40190. We tried to complement the lrg1 phenotype by transforming it with constructs containing these three loci. Only the construction containing the At2g40190 (LEW3) genomic region fully recovered the root length and SKP2Bp::GUS expression ( Fig. 2A-C) . LEW3 encodes an alpha-1,2-mannosyltransferase that is required for N-linked glycosylation of nascent proteins and its function is essential, as the LEW3 knockout mutant is lethal (Zhang et al., 2009) . According to this, we identified another mutant, lew3-2 (SALK_000886), that contains the T-DNA insertion in its promoter region. This lew3-2 allele was also embryonic lethal (Fig. 2D ). Genetic and phenotypic analyses of the F1 and F2 progeny from lrg1 and LEW3/lew3-2 crosses showed that the lrg1/lew3-2 double mutant, although viable, showed shorter roots and smaller shoots than lrg1 (Fig. 2E, F) , indicating that the lrg1 phenotype is allele dose-dependent. We can therefore conclude that LRG1 and LEW3 are the same locus.
As mentioned above, lew3-1 did not show relevant root defects (Zhang et al., 2009) . However, lew3-1 root analyses were done using MS medium containing 3% sucrose, an amount of sugar that might alter root development. When lrg1 seedlings were grown in a 3% sucrose-containing medium, this mutant still showed shorter roots than control seedlings ( Supplementary Fig. S1F ). We can therefore conclude that lrg1 root defects are sucrose-independent and that the lrg1 mutation affects root development. 
Light-dependent LEW3 missplicing affects root growth
Root illumination reduces root growth, alters ROS levels, and enhances growth inhibition when combined with other stresses (Silva-Navas et al., 2015) . Using the D-Root system (Silva-Navas et al., 2015) , we found that lrg1 roots grown in darkness elongated significantly more than in the presence of light. In control seedlings, root growth was 25-30% longer in dark grown roots (DGR) than in light grown roots (LGR). However, roots of DGR lrg1 elongated more than 120% compared with LGR lrg1 (Supplementary Fig. S2A ). Conversely, high light intensity (HL) significantly reduced root growth in both wild-type and lrg1 (Supplementary Fig.  S2A ). These data indicate that lrg1 roots are hypersensitive to the inhibitory light effect. Using an adapted D-Root system (Silva-Navas et al., 2015) , control and lrg1 seedlings were grown with specific wavelengths of light. In these conditions, blue light was the most effective in reducing root growth in lrg1 (Supplementary Fig. S2A ). To analyze the role of photoreceptors in the lrg1 phenotype, we crossed lrg1 with different photoreceptor mutants. Root growth analyses showed that all double mutants displayed the short root phenotype, indicating that root growth defects in lrg1 are independent of the function of these photoreceptors ( Supplementary Fig. S2B ).
The lrg1 mutation changed the third base of the last codon of the fourth exon (position 16.786.414) from G to A, generating a mutation that does not alter the encoded amino acid (Supplementary Fig. S3A ). Expression analyses using primers located 5' upstream or 3' downstream around this mutation site showed that LRG1 and lrg1 mRNA accumulated to similar levels (Fig. 3A) . To understand the consequences of the lrg1 mutation, we cloned the LEW3 coding DNA sequence (CDS) from wild-type and mutant backgrounds. In lrg1 we found a mixture of CDS; some corresponded to wildtype LEW3 while others retained part of the fourth intron of 11 base pairs that shifts the open reading frame and generates a premature STOP codon ( Supplementary Fig. S3B,  C) . Considering the lethal effect of knockout mutations in LEW3, the viability of lrg1 might be explained by the coexistence of a mix of full length and truncated LEW3 proteins. To quantify the level of correctly processed LEW3 messenger, we designed a 5' primer located at the exon-intron junction that would amplify the LEW3 CDS only if the fourth intron was correctly processed (Supplementary Fig. S3D-F) . Quantitative RT-PCR showed that in lrg1 roots only 40% of the LEW3 pre-mRNA was correctly processed (Fig. 3B) . However, in lrg1 DGR almost 70% of the LEW3 mRNA was correctly processed (Fig. 3B ), correlating with a partial recovery of the root phenotype. Remarkably, the level of correctly processed LEW3 CDS in lrg1 shoots was similar to control plants under standard light conditions (Fig. 3C) . However, when light intensity was increased 3-fold to 300 µmoles m -2 s -1 , lrg1 shoots were smaller than controls (Fig. 3C ) and the level of correctly processed LEW3 mRNA in the mutant . Right panels show 12 d-old control and lrg1 plants grown under normal or high light conditions. Scale bar, 1 cm. D) The RNA secondary structure prediction of LEW3 or lrg1 pre-mRNA shows a three-base-pair stem with a four-nucleotide loop. The MFE is -21.1 for LEW3 and -19.4 for lrg1. Each structure is visualized by structure diagrams generated using the ViennaRNA package. The star points to the mutation site and the red circle highlights the stem loop structure. Significance was analyzed by one-way ANOVA and Tukey HSD post-test. P<0.01.
shoots was significantly lower than under standard light conditions (Fig. 3C) . LEW3 mRNA was not affected in control shoots by increasing light intensity. Thus, we can conclude that the lrg1 mutation affects LEW3 splicing in a light intensity-dependent manner.
Previous studies showed that RNA secondary structure might influence alternative splicing (Sharp, 2009; Ding et al., 2014) . Also, one synonymous mutation is able to change the stability of RNA secondary structure, altering gene expression (Nackley et al., 2006; Kudla et al., 2009) . Thus, we predicted the RNA secondary structure of LEW3 pre-mRNA with and without the lrg1 mutation. We selected 50 nucleotides upstream and downstream of the mutation site and carried out RNA secondary structure prediction using the RNAstructure package (Reuter and Mathews, 2010) . Each structure is visualized by structure diagrams generated using the ViennaRNA package (Kerpedjiev et al., 2015) . LEW3 pre-mRNA shows a stem loop structure with a three-basepair stem with a four-nucleotide loop around the mutation site (Fig. 3D) . The mutated LEW3 pre-mRNA, caused by the single mutation from G to A, showed a two-base-pair stem with a five-nucleotide loop (Fig. 3D) . The minimum free energy (MFE) increased from -21.1 to -19.4 in the mutated mRNA, leading to a less stable stem loop with shorter stem and longer loop than the wild-type LEW3 pre-mRNA structure. This alteration of stability might influence the splicing process and be the cause of the missplicing observed in the lrg1 mutant.
The lrg1 mutation reduces protein N-glycosylation in roots cells
Defects in N-glycosylation lead to misfolded protein accumulation in the ER lumen. This accumulation activates the ER stress response, inducing the expression of BIP chaperone genes, among others (Walter and Ron, 2011) . To analyze whether the lrg1 mutation induces ER stress, we analyzed the expression of BIP3. We found that BIP3 expression was induced more than 300-fold in lrg1 roots (Fig. 4A) . BIP3 protein also accumulated in lrg1 roots to a similar level as in control roots treated with tunicamycin (TM) (Fig. 4B) . TM is an inhibitor of the enzyme GlcNAc phosphotransferase that blocks N-glycosylation, inducing ER stress (Zhang et al., 2008) . These data indicate that lrg1 presents constitutive ER stress. This ER stress can be alleviated by nitrogen-starvation induced autophagy (Liu et al., 2009) . When control plants were grown with 100 µM of nitrogen no root growth differences were observed. However, if they were grown without a nitrogen source, a significant reduction in root growth was observed (Fig. 4C) . Conversely, when lrg1 was grown either in 0 and 100 µM of nitrogen, a significant increase in root growth was found (Fig. 4C) , suggesting that nitrogen starvation-induced autophagocytosis alleviates ER stress in lrg1 roots and promotes root growth in the mutant.
As LRG1/LEW3 is involved in protein N-glycosylation, we decided to identify target proteins. We stained total N-glycosylated proteins extracted from DGR or LGR (Fig. 4D) . In total root protein extract, we only identified a few proteins showing differential staining between control and lrg1. The levels of one of these proteins, with a mass of 60 kDa, was significantly reduced in LGR lrg1 while increased in DGR lrg1 (Fig. 4D) . Remarkably, this protein was absent in TM treated plants (Fig. 4D) , suggesting that this 60 kDa protein is regulated by N-glycosylation. MALDI-TOF MS/ MS analyses showed that this 60 kDa band corresponded to GLUCOSIDASE 23 (GLUC23/PYK10). GLUC23/PYK10 is involved in plant responses against herbivores and pathogens and seems to be needed for the beneficial interaction between the plant and the fungus S. indica (Sherameti et al., 2008) . As observed by these authors, addition of this beneficial fungus to growth medium promoted the growth of control roots (Fig. 4E) . However, S. indica did not stimulate any root growth in the lrg1 mutant (Fig. 4E) ; moreover, the interaction with the fungus seemed to reduce root growth, suggesting that lrg1 lacks functional GLUC23/PYK10.
Due to these few changes observed in total extracts, using concavaline A beads, we purified N-glycosylated proteins, separated them by SDS-PAGE, and stained for N-glycosylation (Fig. 5A) . We found significantly fewer N-glycosylated proteins in lrg1 roots extract than in control roots. From these ConA-purified proteins we isolated a band of approximately 38 kDa that was significantly reduced in lrg1 (Fig. 5A) . MALDI-TOF MS/MS analyses identified this protein as peroxidase 34 (PRX34), which showed several putative N-glycosylated sites ( Supplementary Fig. S4A, B) . A knockdown mutant for PRX34 containing a T-DNA insertion in the promoter region shows a slightly shorter root phenotype, which is enhanced in combination with the prx33 mutant (Passardi et al., 2006) . Here, we have identified a new allele, prx34-2, which contains a T-DNA insertion in the fourth exon, likely generating a truncated protein ( Supplementary  Fig. S4C ). In addition, this prx34-2 allele also showed a slight reduction in PRX34 mRNA ( Supplementary Fig. S4D, E) . The prx34-2 mutant showed significantly shorter roots than control plants (Fig. 5B, C) , a phenotype that was independent of root illumination (Fig. 5D) . Detailed observation showed that prx34-2 root hairs emerged closer to the root apical meristem (RAM) than in control roots, with root hairs in controls emerging 1.2 ± 0.18 cm from the RAM and in prx34-2 root hairs emerged at 0.4 ± 0.07 cm from the RAM (Fig. 5E) . When plants were grown in pots for 4 weeks, prx34-2 and lrg1, although to lesser extent, showed rounded and smaller rosette leaves than control plants (Fig. 5F ). We also found that the prx34-2 mutation affected flower development. As shown in Fig. 5G , in contrast to lrg1 flowers, which were similar to control flowers, prx34-2 flowers did not develop sepals; instead petals were partially transformed to sepals and showed engrossed pistils. Despite these flower anomalies, prx34-2 seeds were well formed and fully viable, although the total production per plant was reduced by 40%. The double mutant lrg1 prx34-2 showed a shoot and flower phenotype similar to prx34-2, suggesting that the lrg1 mutation has a limited effect on aerial organs under normal growth conditions. However, lrg1 prx34-2 roots were significantly shorter than single mutants (Fig. 5C ), suggesting genetic interaction between LRG1 and PRX34.
Reduced N-glycosylation alters root gene expression
In order to understand the nature of the lrg1 pleiotropic phenotype we carried out transcriptomic analyses. We found that the expression of more than 1600 genes were deregulated; 796>2-fold with a false discovery rate (FDR)<0.01 and 821<-2-fold with a FDR<0.01 (Supplementary Table S2 ). Although these deregulated genes belong to several different functional categories (Supplementary Table S2 ), it is remarkable that the lrg1 mutation induces a large number of genes, relating to ROS activity, jasmonic acid (JA) responses, nutrient reservoir mobilization, the membrane and endomembrane system, membrane channels, and actin and microtubule motor activity, among others. This high number of affected processes might explain the strong root phenotype of lrg1.
ROS play an important role in controlling cell division and elongation in roots (Tsukagoshi et al., 2010; Silva-Navas et al., 2016) . Gene ontology analyses identified an enrichment of lrg1-upregulated genes involved in ROS and oxidative-related processes (Supplementary Table S1 ). We found that ROS levels were significantly higher in lrg1 roots compared with controls (Fig. 6A, B) . To evaluate whether high ROS levels might affect root growth, we treated lrg1 seedlings with AsA and DPI to reduce ROS levels. Both AsA and DPI reduced ROS accumulation and root growth in control roots (Fig. 6A-C) , likely by altering the correct balance of ROS needed for root growth. However, although AsA and DPI treatment also reduced ROS levels in lrg1 mutants, root growth was significantly increased (Fig. 6A-C) . This result indicates that, at least in part, root growth inhibition in lrg1 mutants is due to an excess of ROS in roots.
N-glycosylation regulates plasma membrane endocytosis capacity and membrane potential
Recently, a large-scale study aimed to identify N-glycosylated proteins in several organisms, including Arabidopsis, and identified a large number of membrane proteins (Zielinska et al., 2012) . Thus, we decided to analyze membrane properties in lrg1. To do so, we first stained roots with the vital dye FM4-64 to label the plasma membrane and analyze endocytosis. After 15 min of incubation, FM4-64 was clearly incorporated in the membrane and after 60 min many small endocytic vesicles were observed in wild-type roots (Fig. 6D) . However, FM4-64 was more slowly incorporated and fewer vesicles were observed after 60 min (Fig. 6D ) in lrg1. These data suggest that N-glycosylation is important to regulate plasma membrane endocytosis.
It has been described that acid pH in the medium, namely high proton content, limits root growth (Iuchi et al., 2007) . We have identified genes involved in proton flux that were deregulated (Supplementary Table S2 ) in lrg1 roots. In a low pH medium of pH 4.5, root growth in wild-type seedlings was significantly reduced compared with standard a pH medium of pH 5.8), while no differences were found when they were grown at a higher pH of pH 7 (Fig. 6E) . Conversely, lrg1 root growth was not affected at pH 4.5 but increased more than 150% at pH 7 (Fig. 6E) . These results suggest that lrg1 root cells might have more acidic apoplasts. We wondered whether this pH-dependent recovery of the lrg1 phenotype could be due to an increase of the correct splicing of LEW3, as observed in DGR. Quantitative RT-PCR analyses showed that the level of correct LEW3 RNA splicing in lrg1 seedlings was not affected by the pH of the medium (Fig. 6F) , suggesting that the recovery in root growth is due to a direct effect of lowering H + content in the apoplast. As ROS production is increased by low pH (Babourina et al., 2006) , we quantified ROS levels at pH 5.8 and pH 7 in Arabidopsis roots. As shown in Fig. 6G , at pH 7, ROS accumulation was significantly reduced in lrg1 roots, while ROS levels were unaffected in control roots. Taken together, these data suggest that apoplast acidification in lrg1 mutants increase ROS production and reduce root growth.
Based on these data, we decided to measure the membrane potential (Em) in lrg1 epidermal root cells. Em in lrg1 roots was significantly less negative at -128 ± 3 mV (n=5) than the values recorded in control seedlings at -155 ± 6 mV ( Supplementary Fig. S5A ). The membrane was depolarized by the addition of the respiration inhibitors, 0.1 mM NaCN and 0.1 mM SHAM, that stop ATP synthesis and, consequently, H + -pumping by the plasma membrane H + -ATPase. Under these conditions, Em reached the diffusion potential value (ED), in which mainly cytosolic K + serves as a charge balance that counteracts membrane depolarization. An increase in the external K + concentration depolarizes the ED and when this variable reaches the value of zero it is possible to estimate the cytosolic K + concentration (Mithofer et al., 2005; Leidi et al., 2010) . Diffusion potential values at increasing external K + concentrations were always less negative in the lgr1 mutant, indicating that cytosolic K + could be lower in the lrg1 mutant than in control plants (Supplementary Fig  S5B) . The slopes of changes in ED in response to external K + were similar in control and lrg1 roots, 15-17 mV for a 10-fold increase of external K + , suggesting no differences in K + permeability between control and lrg1 roots.
Discussion
In recent years significant advances in understanding root growth and development have been made (Pacifici et al., 2015; Rogers and Benfey, 2015; Satbhai et al., 2015) . Many of these advances have been achieved through transcriptomic studies. (Himanen et al., 2004; Brady et al., 2007; Overvoorde et al., 2010; Ingram et al., 2012; Moussaieff et al., 2013; Karve and Iyer-Pascuzzi, 2015; Rogers and Benfey, 2015) . Together with phosphorylation and ubiquitination, N-glycosylation is one of the most prominent and abundant protein post-translational modifications ( Van den Steen et al., 1998; Mann and Jensen, 2003) . However, knowledge of N-glycosylation in root development is limited. The process of N-glycosylation starts in the ER with the transfer of oligosaccharide precursors to nascent polypeptides. Due to the large spectrum of targets and the relevance of N-glycosylation for the final structure and activity of proteins, this post-translational modification is essential (Haltiwanger and Lowe, 2004; Varki et al., 2009; Kang et al., 2015; Plaxton and Shane, 2015; Veit et al., 2015; Strasser, 2016) . Here, we identified a novel allele of the LEW3 gene, lrg1, that accordingly with its function in general N-glycosylation, shows a pleiotropic phenotype. Although the defect in root growth and development could be a secondary consequence of this pleiotropic phenotype, we think that our data support the idea that N-glycosylation is important to maintain cell division and elongation as well as ROS and pH homeostasis in root cells, given that lrg1 is viable and the phenotype can be modulated by light intensity.
LEW3, a α-1,2-mannosyltransferase, which acts upstream of msn1, catalyzes the assemblage of the oligosaccharide Man5GlcNAc2-PP-dolichol before the glycan complex is flipped into the lumen (Cipollo et al., 2001; O'Reilly et al., 2006) . The knockout mutant for Arabidopsis LEW3, lew3-2, is lethal, indicating the essential role of this modification for cell viability. A weak allele for LEW3, lew3-1, revealed that a reduction in the N-glycosylation pathway increases sensitivity to osmotic stress and ABA treatment. In addition, lew3-1 affects fertility, impairs cellulose synthesis, and leads to xylem collapse due to a reduction in secondary cell wall formation. However, this weak mutant does not show significant defects in root development (Zhang et al., 2009 ). Mutants with defects in N-glycans complex formation, such as cgl1 (Strasser et al., 2005) , do not show any defects in root growth or development, suggesting that N-glycosylation might have limited impact on these processes. However, the triple mutant msn1/2/3, affecting the initial steps of the N-glycosylation pathway, shows inhibition of root growth (Liebminger et al., 2009) . In monocotyledons, a mutation in the OsMOGS gene, which is strongly expressed in dividing cells, blocks N-glycan formation (Wang et al., 2014) . The osmogs mutant exhibited defects in both root cell division and elongation, resulting in a short root phenotype and impaired root hair formation and elongation. Furthermore auxin content and polar transport in osmogs roots are reduced due to incomplete N-glycosylation of the B subfamily of ATP-binding cassette transporter proteins (ABCBs). In our case, lrg1 also has defects in cell division and elongation, but it does develop root hairs. Nevertheless, the lrg1 phenotype is not modified by auxin treatment. Based on these data, although speculative, it is possible that N-glycosylation function in mono-and dicotyledons might have some differences during root development due to different target proteins.
The isolation of a viable, but strong, allele of LEW3 has allowed us to study the important role of N-glycosylation in root development. Reduction of N-glycosylation compromises root cell division and elongation and alters the overall membrane properties such as membrane potential, apoplastic pH, and ROS accumulation, among other processes. It is known that high proton content in the apoplast, namely acidic external pH, reduces root growth (Iuchi et al., 2007) . In addition, recent works have shown the important role of ROS homeostasis to control cell division and differentiation in root meristems (Tsukagoshi et al., 2010; Silva-Navas et al., 2016) . Here, we have shown that lrg1 has an acidic apoplast and high ROS levels in roots and that both conditions contribute to reduced root growth. According to Zielinska et al. (2012) , who identified plasma membrane proteins as forming one of the largest groups of N-glycosylated proteins, we found that defects in N-glycosylation change plasma membrane properties such as membrane endocytosis and potential. However, it is remarkable that despite these alterations, ion uptake and accumulation is quite similar between lrg1 and control plants.
In recent years, large studies aiming to identify plant N-glycoproteins have been carried out (Zhang et al., 2011; Zielinska et al., 2012; Song et al., 2013) . Although these studies represent a great advance in the plant N-glycoproteome, the precise function of N-glycosylation in plant growth and development is still poorly understood, mainly due to the lack of functional studies of the targets. Here, we have identified two proteins showing altered N-glycosylation in lrg1, GLUC23/PKY10 and PRX34. Both proteins were previously identified as N-glycosylation targets in the analyses conducted by Zielinska et al. (2012) . In addition, TGG1/GLUC38 protein, a homologue of GLUC23/PYK10, was absent in leaf protein extracts from the weak allele of LEW3, lew3PYK10 seems to be important for the beneficial interaction with S. indica. The prx34 mutant shows a slight reduction in root growth, suggesting that PRX34 is involved in cell elongation control (Passardi et al., 2006; Han et al., 2015) . In our functional analyses we have identified a novel prx34 allele, which has a significantly shorter root phenotype than previously described. The fact that the double mutant lrg1 prx34-2 has shorter roots than single mutants suggests that lrg1 likely contains a fraction of PXR34 that is correctly N-glycosylated and functional in the mutants. However, in the lrg1 prx34-2 double mutant there is either no functional or very little correctly N-glycosylated PRX34 enzyme, which might exacerbate the root phenotype of lrg1. Thus, we propose that a reduction in N-glycosylation of PRX34 partially contributes to the short roots of lrg1.
As mentioned earlier, the knockout LEW3 mutant is lethal. The missense lrg1 mutation affects the correct splicing of LEW3, generating a viable light-conditional allele. In the presence of light, lrg1 correctly processed LEW3 mRNA to a threshold level that is sufficient to maintain viability. Light-regulated alternative splicing has been reported in different higher plants species (Mano et al., 1999; Simpson et al., 2008; Jung et al., 2009) and in Chlamydomonas (Falciatore et al., 2005) . It has been shown that phytochrome activity significantly changes alternative splicing profiles at the genomic level in Arabidopsis (Shikata et al., 2014) . Interestingly, the LEW3 transcript is also regulated by alternative splicing in a red light-dependent, but phytochromeindependent, manner (Shikata et al., 2014) . Our results demonstrate that the short root phenotype in lrg1 is not dependent on photoreceptor activity, suggesting that LEW3 missplicing in lrg1 is not regulated by photoreceptors. RNA structure has critical roles in the regulation of splicing in plants through the specific RNA secondary structure feature at the 5' splice site (Ding et al., 2014) . RNA structure analyses estimate an increase of MFE that likely affects premRNA splicing. Splicing of short introns is mediated by the nuclear pre-mRNA splicing machinery through specific recognition and paired across the intron. Using a system that mimics the effect of mutation in the 5' splice site it was demonstrated that U1 snRNA base-pairing with positions +6 and −1 are the only functional requirement for mRNA splicing (Carmel et al., 2004) . Remarkably, the lrg1 mutation falls in -1 position, supporting the idea that a G in this -1 position is crucial for correct splicing. Indeed, in eukaryotes, the guanine frequency in the -1 position in the 5' single strand is significantly higher than other bases, being over 70% in Arabidopsis (Brown, 1996; Lim and Burge, 2001) . We looked for variability in this position by analyzing the 1001 genomes database and 125 different plant species and we did not find any change, suggesting that the conservation of G at this position might be important for LEW3 mRNA processing.
In summary, our data indicate that alterations in N-glycosylation modifies ROS production, apoplastic pH, and generates ER stress. The combination of these changes greatly affects root growth and development.
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